3,3Ј-Diindolylmethane (DIM, 1) is a major metabolite (spontaneously formed product in intragastric acid condition) of indole-3-carbinol (I3C, 2) which is a phytochemical expressed in brassica vegetables, including broccoli, brussels sprouts, kales and the cabbages, and has been thought to be associated with the anticancer/cancer chemopreventive activities of vegetable consumption.
3,3Ј-Diindolylmethane (DIM, 1) is a major metabolite (spontaneously formed product in intragastric acid condition) of indole-3-carbinol (I3C, 2) which is a phytochemical expressed in brassica vegetables, including broccoli, brussels sprouts, kales and the cabbages, and has been thought to be associated with the anticancer/cancer chemopreventive activities of vegetable consumption.
1) DIM (1) controls proliferation of various tumor cells, including cells of breast cancer, prostate cancer, ovary cancer, lung cancer and pancreatic cancer, by inducing G 1 /S arrest of the cell cycle and apoptosis. 2) In addition, DIM (1) modulates metabolism of estrogen and testosterone, 3, 4) which act as indigenous tumor promoters for several hormone-dependent cancers. DIM (1) is also reported to be a weak agonist for the arylhydrocarbon receptor (AhR) and blocks the effects of estrogens via inhibition of AhR-estrogen receptor cross talk. 5) In addition, DIM (1) possesses other various activities, including immunomodulatory effect. 6) All the experimental studies suggest that DIM (1) has incredible potential both for prevention and for treatment of cancer.
Although the molecular basis of cancer chemopreventive and cancer chemotherapic effects of DIM (1) is unclear, effects of DIM (1) on cell differentiation would be one of candidate mechanisms underlying the biological activities elicited by DIM (1) . In fact, Kim et al. recently reported that indirubin, another AhR agonist with a structure related to that of DIM (1) , and its derivatives show enhancing effect on 1,25-dihydroxyvitamin D 3 (1,25-VD 3 )-and all-trans retinoic acid (ATRA)-induced cell differentiation of HL-60 leukemia cells. 7) Under such circumstances, we investigated the enhancing effect on chemically-induced HL-60 cell differentiation of DIM (1) and its derivatives in combination with various cell differentiation inducers, including ATRA, tamibarotene (Am80, 3), 1,25-VD 3 , 12-O-tetradecanoyl phorbol-13-acetate (TPA) and dimethyl sulfoxide (DMSO). All of these chemicals are known to induce terminal differentiation in leukemic cell lines, including HL-60 and U937 cells. ATRA and Am80 are therapeutic agents for acute promyelocytic leukemia (APL) and induce differentiation of HL-60 cells to mature granulocytes. 8) On the other hand, 1,25-VD 3 and TPA have been established to induce differentiation of HL-60 cells to mature monocytes. 9) DMSO is another typical cell differentiation inducer.
10)

Results and Discussion
Chemistry DIM (1), its derivatives (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) , and isomers of DIM [2,2Ј-DIM (22) and 2,3Ј-DIM (25)] were synthesized using the methods reported by Nagarajan and Perumal 11) and usual organic synthetic methods as shown in Charts 1 and 2. Briefly, DIM (1) and its derivatives (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) were obtained by the reaction of indole or methylindole with various aldehydes or ketones (Chart 1). Bis(1-benzenesulfonyl-1H-indol-2-yl)methanol (20) and (1-benzenesulfonyl-1H-indol-2-yl)(1-benzenesulfonyl-1H-indol-3-yl)methanol (24) was obtained by the reaction of 2-(19) or 3-formyl-1-benzenesulfonyl-1H-indole (23) with 1-benzenesulfonyl-1H-indole (18), followed by reduction and desulfonylation to give 2,2Ј-DIM (22) or 2,3Ј-DIM (25) (Chart 2).
Effects on HL-60 Cell Differentiation
At first, we investigated the enhancing effect on Am80-induced HL-60 cell differentiation of DIM (1), its derivative 6 and positional isomers of DIM (22, 25) . HL-60 cell differentiation was assayed by the use of nitroblue tetrazolium (NBT) reduction assay, as described previously. 12) Of course, the population of NBT positive cells (%) deviates from experiments and experiments. However, the deviation of the value in one experiment (performed in duplicate or triplicate) is less than 5%, and the order of the activity of the test compounds was reproducible (repeated at least three times). The typical set of data obtained from one experiment performed in side-by-side was presented in Fig. 2 . As expected, DIM (1) was revealed to show enhancing effect on 2 nM Am80 (3)-induced HL-60 cell differentiation (Fig. 2) . Under our experimental conditions, the population of NBT-positive cells in untreated HL-60 cells is generally less than 5% (data not shown). Treatment of the cells with 2 nM Am80 (3) caused increase of the NBT-positive cells. Although the %-values of NBT-positive cell population of HL-60 cells treated with 2 nM Am80 (3) deviate among experiment to experiment, the %-values are generally between 15 to 30%. In Fig. 2 , a typical set of data performed in one side-by-side experiment is shown. In this case, 2 nM Am80 (3)-treatment caused increase of the NBT-positive cells to approximately 25% (Fig. 2) . But co-treatment of the cells with 0.3 mM and 3 mM DIM (1) caused drastic increase of the NBT-positive cells to approximately 30% and 37%, respectively. Its isomers, 2,2Ј-DIM (22) and 2,3Ј-DIM (25) also showed the enhancing effect, but were less potent than DIM (1). 5,5Ј-DiMe-EtDIM (6) showed the enhancing activity which is compatible to that of DIM (1) .
Based on the results, we analyzed the effects of an alkyl/aryl substituent(s) introduced into the methylene carbon of DIM on the Am80 (3)-induced cell differentiation-enhancing effect. Also, the data obtained by one-side-by-side experiment was shown in Table 1 . As shown in Table 1 , the enhancing effect of DIM derivatives 4-8 [MeDIM (4), EtDIM (5), PrDIM (7), BuDIM (8)] seems to depend on the methylene-length of the introduced alkyl group. Although a methyl substitution [MeDIM (4)] caused almost no effect on the activity (103%), introduction of an alkyl group with a chain length longer than a methyl group, i.e., EtDIM (5), PrDIM (7), and BuDIM (8), apparently caused increase of the activity (146-175%). Among the compounds 4-8, EtDIM (5) seemed to be the most potent in the enhancing effect (175%) on Am80 (3)-induced HL-60 cell differentiation.
Dialkyl substitution at the methylene carbon of DIM [diMeDIM (13) , diEtDIM (14) , diPrDIM (15) ] also increased the activity, with the dimethyl derivative, diMeDIM (13) , seemed to be the most potent (168%). The cycloalkyl derivatives, c5DIM (16) and c6DIM (17) , also showed rather potent enhancing activity, with the former (16) possessing the higher activity (188%) than the latter (17: 140%). These results suggest that appropriate size of hydrophobic group is critical for the enhancing effect on Am80 (3)-induced HL-60 cell differentiation.
The effect of a substituent with an aromatic group [PhDIM (9), BnDIM (10), PheDIM (11), IndDIM (12)] was also investigated. All of aromatic group-bearing DIM derivatives (9) (10) (11) (12) showed potent enhancing effect (136-251%) on Am80 (3)-induced HL-60 cell differentiation induction. The order of the activity of the compounds bearing a phenyl group was: PhDIM (9)ϽPheDIM (11)ϽBnDIM (10) . Among the compounds we prepared, IndDIM (12) showed the most potent enhancing effect on Am80 (3)-induced HL-60 cell differentiation (251% at 3 mM and 186% at 0.3 mM).
To examine whether the HL-60 cell differentiation-enhancing activity of DIM derivatives is specific to the cell differentiation induction by Am80 (3), the effects of typical DIM derivatives [EtDIM (5), BnDIM (10), PheDIM (11), IndDIM (12) and c5DIM (16), all of which showed rather po- (15) n-Pr Pr 128 c5DIM (16) -(CH 2 ) 4 -188 c6DIM (17) -(CH 2 ) 5 -140
a) The population of NBT-positive cells treated with 2 nM Am80 alone was defined as 100%. Test compounds were added at the concentration of 3 mM. As shown in Table 2 , all of the compounds examined showed enhancing effect on ATRA-induced HL-60 cell differentiation. Although all the test compounds did not possess HL-60 cell differentiation-inducing activity by themselves, coexistence of the physiological level concentration (2 nM) of ATRA caused cell differentiation, suggesting that these compounds are able to act as cell differentiation inducers in our body/under the physiological conditions where 1-3 nM ATRA exists. Especially, PheDIM (11) and IndDIM (12) showed potent enhancing effect on ATRA-induced HL-60 cell differentiation.
Concerning other cell differentiation inducers, there seems to be a tendency that all of the examined compounds enhance the cell differentiation, though the structure-activity relationships are different among the employed inducers. IndDIM (12) showed the most potent enhancing effect on 4 nM 1,25-VD 3 -induced HL-60 cell differentiation, but it seems to be not so effective toward TPA-induced HL-60 cell differentiation. PheDIM (11) and c5DIM (16) seem to be negative toward 1,25-VD 3 -induced HL-60 cell differentiation, though they are effective toward ATRA-induced cell differentiation. On the other hand, PheDIM (11) showed the most potent enhancing effect on 500 pM TPA-induced HL-60 cell differentiation. BnDIM (10) and IndDIM (12) showed weak activity, and EtDIM (5) and c5DIM (16) did not show the activity toward TPA-induced HL-60 cell differentiation. Concerning DMSO-induced HL-60 cell differentiation, IndDIM (12) showed the most potent enhancing activity. BnDIM (10), PheDIM (11) and c5DIM (16) showed moderate activity, and EtDIM (5) showed weak activity.
Although we could not extract clear structure-activity relationships in each chemically induced HL-60 differentiation system, our results suggest that the HL-60 cell differentiation-inducing systems employed seem to be classified into two groups. One group is cell differentiation system induced by ATRA or DMSO, both of which have been known as granulocytic differentiation inducers for HL-60 cells, in which almost all the examined compounds showed cell differentiation-enhancing activity. Another group is cell differentiation system induced by 1,25-VD 3 or TPA, both of which have been known as monocytic differentiation inducers, in which each examined compounds showed different effects from those observed in ATRA/DMSO-induced granulocytic differentiation system. This difference of structure-activity relationships between above-mentioned two groups might be interpreted by the difference of cell differentiation direction induced by the chemicals, i.e., granulocytic or monocytic. Interestingly, AhR has been reported to be expressed in the monocyte, whereas it is not expressed in the granulocyte. 13) Moreover, the expression of AhR in HL-60 cells was potently-induced by TPA, moderately-induced by 1,25-VD 3 , and not induced by ATRA. In addition, 1,25-VD 3 -induced AhR expression was strongly enhanced by transforming growth factor (TGF)-b1. Because our synthesized DIM derivatives possess AhR-agonistic feature (details will be published elsewhere), induction and/or function of AhR might underlie the above-mentioned difference, at least in part. Concerning the effect of AhR agonists on cell differentiation, it has been reported that AhR agonists inhibit differentiation of monocyte into macrophage. 14) Therefore, different effects of our synthesized DIM derivatives on HL-60 cell differentiation among those induced by Am80/ATRA/DMSO, 1,25-VD 3 and TPA might be attributed to the difference of AhR agonistic feature of our DIM derivatives and AhR induction manner of the employed chemical cell differentiation inducers.
In conclusion, we synthesized DIM and its derivatives. Almost all of these compounds enhance chemically induced HL-60 cell differentiation induction. IndDIM (12) seemed to be the most potent enhancer in our derivatives and enhances HL-60 cell differentiation induced by Am80 (3), ATRA, 1,25-VD 3 and DMSO. c5DIM (16) might be a selective enhancer of granulocytic HL-60 cell differentiation, because it was potent in differentiation-inducing system using Am80 (3), ATRA and DMSO, while it did not enhance HL-60 cell differentiation induced by 1,25-VD 3 and TPA which cause monocytic differentiation.
Experimental
Chemicals. General 1 H-NMR spectra were recorded on a JEOL JNM-GX500 (500 MHz) spectrometer. Chemical shifts are expressed in d (ppm) values with tetramethylsilane (TMS) as an internal reference. High-resolution mass spectra (HR-MS) and mass spectra (MS) were recorded on a JEOL JMS-DX303 spectrometer with m-nitrobenzyl alcohol. Flash column chromatography was performed on silica gel 60 (Kanto Kagaku, 40-100 mm).
3,3-Diindolylmethane (DIM: 1) 11, 15) : General Procedure for the Synthesis of Compounds 1, 4-17 To a stirred solution of indole (351 mg, 3.00 mmol) in a mixture of MeOH (10 ml) and H 2 O (0.5 ml) were added paraformaldehyde (90% purity, 45.4 mg, 1.36 mmol) and KHSO 4 (204 mg, 1.50 mmol) at the room temperature, and the reaction mixture was stirred for 40 h at the same temperature. The volatile solvents were removed under reduced pressure. The resulting residue was added to H 2 O, and then extracted with CH 2 Cl 2 . The organic layer was dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (n-hexane/AcOEtϭ4/1) to give 1 (201 mg, 818 mmol, 60%) as colorless crystal; mp 168-170°C (lit.
15) 164°C Yield 24%, white solid; mp 167-169°C. 
1-Benzenesulfonyl-1H-indole (18)
22)
To a stirred solution of indole (3.50 g, 29.9 mmol) in dry THF (100 ml) was added NaH (55% in oil suspension, 1.44 g, 33.0 mmol) at 0°C. After stirring at 0°C for 30 min, benzenesulfonyl chloride (4.2 ml, 33 mmol) was added slowly and the reaction mixture was stirred for 18 h at room temperature. The reaction was quenched by adding water, and then extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (nhexane/AcOEtϭ9/1) to give 18 (6.80 g, 26.4 mmol, 88%) as a white solid: 1 
2-Formyl-1-benzenesulfonyl-1H-indole (19)
23)
To a stirred solution of 18 (1.50 g, 5.83 mmol) in dry THF (40 ml) was added n-BuLi (1.55 M in hexane, 4.52 ml, 7.00 mmol) at Ϫ78°C. After stirring for 30 min at Ϫ78°C and then for 1 h at room temperature, the solution was cooled again to Ϫ78°C and DMF (1.00 ml, 12.9 mmol) was added dropwise, and the reaction mixture was stirred for 4 h at room temperature. The reaction was quenched by adding saturated aqueous NH 4 Cl, and then extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (n-hexane/AcOEtϭ10/1) to give 19 ( To a stirred solution of 18 (613 mg, 2.38 mmol) in dry THF (15 ml) was added n-BuLi (1.66 M in hexane, 1.58 ml, 2.62 mmol) at Ϫ78°C. After stirring for 1 h at room temperature, the solution was cooled again to Ϫ78°C and 19 (680 mg, 2.38 mmol) in dry THF (5 ml) was added dropwise, and then the reaction mixture was stirred for 18 h at room temperature. 
Bis(1-benzenesulfonyl-1H-indol-2-yl)methane (21)
24)
To a solution of 20 (303 mg, 0.558 mmol) in dry dichloromethane (DCM) (5.0 ml) was added Et 3 SiH (2.00 ml, 12.5 mmol) followed by TFA (0.1 ml), and the reaction mixture was stirred for 18 h. The reaction was quenched by adding water, and then extracted with DCM. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (n-hexane/AcOEtϭ4/1) to give 21 ( 24) To a stirred solution of 21 (60.0 mg, 0.114 mmol) in MeOH (3.0 ml) was added Cs 2 CO 3 (190 mg, 0.570 mmol), and the reaction mixture was refluxed for 15 h. The reaction was quenched by adding water, and then extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (n-hexane/ AcOEtϭ6/1) and recrystallized from n-hexane/AcOEt to give 22 (6.7 To a stirred solution of 3-formylindole (435 mg, 3.00 mmol) in dry THF (15 ml) was added NaH (55% in oil suspension, 160 mg, 3.67 mmol) at 0°C. After stirring at 0°C for 30 min, benzenesulfonyl chloride (0.430 ml, 3.36 mmol) was added slowly. The reaction mixture was stirred for 22 h at room temperature. The reaction was quenched by adding water, and then extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (n-hexane/AcOEtϭ6/1 to 4/1) to give 23 (670 g, 2.35 mmol, 78%) as a pale 
.
(1-Benzenesulfonyl-1H-indol-2-yl)(1-benzenesulfonyl-1H-indol-3-yl)methanol (24) 26) To a stirred solution of 18 (386 mg, 1.50 mmol) in dry THF (10 ml) was added n-BuLi (1.55 M in hexane, 1.20 ml, 1.86 mmol) at Ϫ78°C. After stirring for 1 h at room temperature, the solution was cooled again to Ϫ78°C and 23 (427 mg, 1.50 mmol) in dry THF (5.0 ml) was added dropwise, and then the reaction mixture was stirred for 5 h at room tempera-ture. The reaction was quenched by adding 1 N HCl, and then extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 27) To a stirred suspension of lithium aluminum hydride (LAH) (500 mg, 13.1 mmol) in dry THF (10 ml) was added 24 (225 mg, 0.415 mmol) slowly at Ϫ20°C. After the addition, the suspension was refluxed for 4 h and then cooled to 0°C and carefully quenched by adding saturated aqueous potassium sodium tartrate (50 ml). After stirring for 1 h, the reaction mixture was extracted with AcOEt. The organic layer was washed with brine, dried over MgSO 4 , and concentrated in vacuo. The resulting residue was purified by flash column chromatography (nhexane/AcOEtϭ4/1) and recrystallized from n-hexane/AcOEt to give 25 (88.0 mg, 0.357 mmol, 86%) as a colorless needle: mp 139-140°C (lit. 27) 141-143°C Assay of Cell Differentiation-Inducting Activity Human leukemia cells, HL-60, were cultured in RPMI1640 medium containing 5% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO 2 in the air. Cell differentiation was performed by the nitro blue tetrazolium (NBT) reduction method. For this assay, HL-60 cells in 1ϫ10 5 cells/ml were incubated in RPMI1640 medium in the presence or absence of test compounds (test compounds were added as a DMSO solution with the final concentration of DMSO in the incubation mixture being adjusted to be 0.5% (v/v)) for 3 d. 
